Abstract-The environment may be exposed to veterinary medicines administered to livestock through the application of organic fertilizers to land. For other groups of substances that are applied to agricultural land (e.g., pesticides), preferential flow in underdrained clay soils has been identified as an extremely important mechanism by which pollution of surface waters can occur. This study, therefore, was performed to investigate the fate of three antibiotics from the sulfonamide, tetracycline, and macrolide groups. Pig slurry was applied to a field in arable production in two consecutive years and the fate of the compounds was monitored in the soil and drainage water. Both sulfachloropyridazine and oxytetracycline were detected in soil at concentrations up to 365 and 1691 g/kg, respectively. Subsequently, peak concentrations of the two substances in drainflow were 613.2 and 36.1 g/L, although mass losses to the receiving water were less than 0.5%. In contrast, tylosin was not detected at all. These findings could be explained by the persistence and sorption characteristics of the antibiotics, while preferential flow via desiccation cracks and worm channels to the tile drains was found to be the most important route for translocation of the chemicals. Thus, when the soil was disced prior to slurry application, losses were reduced significantly. It is evident that processes governing pesticide fate also apply to veterinary antibiotics.
INTRODUCTION
Veterinary medicines are used in agriculture to prevent disease in livestock and treat illness. Following administration, quantities of these drugs may be excreted as the parent compound and/or metabolites and enter the environment through the spreading of manure and slurry on agricultural land, or through direct deposition by grazing livestock [1] .
The presence of veterinary medicines in the environment may be a cause for concern as they are designed to have a biological effect [1] . Available data already show that residues may be present in manure and slurry spread to land [2] and that veterinary pharmaceuticals may affect terrestrial and aquatic organisms [3] and play a role in the development of antimicrobial resistance [4] . A limited amount of information is available on concentrations of these compounds in soil [5] , surface water, and groundwater [6, 7] . Moreover, very few studies have looked at the processes determining the transport of veterinary medicines in the environment. Therefore, it is difficult to fully assess their risk to terrestrial and aquatic ecosystems and the extent to which agricultural management protocols need to address these compounds to ensure minimal adverse environmental impact.
A wealth of information exists to indicate that chemical application to under-drained clay soils poses a highly significant risk to the environment. This is due to the rapid movement of runoff, solutes, and sediment-associated contaminants to surface waters via soil macropores and field drains [8] . These studies, however, have focused on pesticides and nutrients that are somewhat different from veterinary medicines. Pharmaceuticals often have high molecular weights and many * To whom correspondence may be addressed (p.kay@qmul.ac.uk). The current address of Paul Kay is Department of Geography, Queen Mary, University of London, Mile End Road, London, E1 4NS, United Kingdom. functional groups and are highly polar [9] . They also are applied to land in manure and slurry whereas pesticides are not. Therefore, it may not be appropriate to apply our understanding of other chemicals to veterinary medicines.
This study was performed to investigate the transport of a range of veterinary medicines in an under-drained clay soil and to elucidate important processes. The three compounds investigated were from the sulfonamide, tetracycline, and macrolide groups, namely, sulfachloropyridazine, oxytetracycline, and tylosin. These substances had a range of sorption and degradation characteristics. As well as transport in drainflow, the translocation of the study compounds in overland flow also was investigated, although these results are to be reported in a separate paper. It is envisaged that the results of this study will help to assess the threat posed by veterinary medicines to terrestrial and aquatic organisms as well as provide an indication of potential management options that could be used to alleviate any risks.
MATERIALS AND METHODS

Field site
The study was performed on a 1.55 ha arable field located on a working farm in the upper reaches of the River Soar catchment in Leicestershire, United Kingdom. The catchment is underlain by impermeable clays and marls so the limited number of aquifers in the area are at low risk to pollution. However, the dominant land-use in the catchment is agriculture so surface waters can be contaminated by chemicals applied to fields [10] . Average annual rainfall in the study area is 607 mm (Nottingham University, Nottingham, UK, unpublished data). The field was drained by a discrete tile drainage system that discharged at a single outfall into the receiving ditch, which subsequently fed into a small stream (Fig. 1) . The drainage system of 60 and 100 mm diameter plastic pipes had been installed at 65 cm below the soil surface two years prior to commencement of the study, but was not complemented by mole drains. The field soil was of the Salop series, comprising a clay loam topsoil and clay subsoil (Table 1) . Winter oats were grown during the first year of the study and winter wheat in the second. Slurry was applied to the field in two consecutive years at the start of each growing season (September/October). In the first year, the field had not been tilled since the harvest of the previous crop and was still covered with stubble when the slurry was applied. In the second year the soil was disced to 10 cm depth prior to slurry application. In both seasons, the soil was plowed to approximately 30 cm depth after the slurry had been applied. In the first year, this was carried out 6 d later and in the second year two weeks later. The seed bed was then prepared by discing before the next crop was drilled.
Test substances
Three antibiotics, oxytetracycline, sulfachloropyridazine, and tylosin, were selected for study as they are commonly used in veterinary medicine [11] and have a range of sorption and degradation characteristics (e.g., [1, 12] ) ( Table 2 ). Antibiotics were chosen as they are used in greater quantities than other classes of veterinary medicine [13] and there is considerable concern today about the development of antimicrobial resistance. Oxytetracycline (OTC) belongs to the tetracycline group, which accounted for 66% of veterinary antibiotic usage in the European Union (EU) in 1997 (2,294 tonnes) [11] . They are also the most used group in the UK, with 228 tonnes being sold in 2000 (Veterinary Medicines Directorate, Addlestone, Surrey, UK, http://www.vmd.gov.uk/). Following administration, between 40 and 80% of the dose is excreted unchanged as the parent compound [14] . Oxytetracycline has been measured in pig slurry in combination with tetracycline at concentrations up to 410 g/L [15] and has been detected in agricultural soils up to concentrations of around 10 g/kg [16] . Tetracycline has been measured at up to 4 mg/L in slurry [15] . Although OTC sorbs strongly to soils, manure particles, and sediment [12, 17] it has nevertheless been measured in combination with tetracycline in surface water at 1 g/L [15] .
Sulfachloropyridazine (SCP) is a sulfonamide antibiotic. In the UK, the sulfonamides are the second most widely used group of veterinary antibiotics, accounting for 22% of sales (Veterinary Medicines Directorate, Addlestone, Surrey, UK, http://www.vmd.gov.uk/), although this figure is only 2% in the EU as a whole [11] . Following treatment, livestock will excrete between 50 and 100% of the administered dose, usually within several days, the parent making up 30 to 95%. Acetic acid conjugates will be present at between 5 and 60% of the excreted dose [18] , although these will revert back to the parent compound during manure storage as the acetyl moiety is cleaved by bacteria [19] . In contrast to OTC, SCP will not sorb strongly to soils [2] ; the substance therefore may have a high potential to move to surface and groundwaters. Sulfachloropyridazine was found to degrade rapidly in the field soil in standard laboratory degradation studies (P.A. Blackwell, Cranfield University, Derby, UK, personal communication). Other studies have suggested, however, that the sulfonamides have the ability to resist degradation [2] .
Tylosin is a macrolide antibiotic used exclusively in veterinary medicine [14] . Radiotracer studies with rats, cattle, dogs, and pigs indicate that tylosin has low oral bioavailability (22.5%) and that between 94 and 100% of an applied dose is excreted [20] , having undergone minimal metabolism [9] . Available data indicate that tylosin degrades rapidly in manure [21] and soil [22] to its metabolites desmycosin (tylosin B), macrosin (tylosin C), and relomycin (tylosin D) (Federal Office P. Kay et al. [23] . Slurry from pigs treated with tylosin previously had been applied to the field site, although sulfachloropyridazine and oxytetracycline had not.
Application of study compounds
The antibiotics were applied to the field in slurry from a working pig farm using a broadcast spreader. The slurry had been stored for a maximum of three months when it was applied. The pigs were treated continuously with tylosin at 100 g per tonne of feed, which was sufficient to feed 67 to 78 pigs for a one-week period. The pigs were not treated with OTC and SCP so these were mixed with the slurry before spreading at application rates predicted using the approach developed by Spaepen et al. [24] . These were 0.9 and 1.2 kg/ha for OTC and SCP, respectively. The slurry was applied to the field at the same rate as normal agricultural practice (45,000 l/ha) so that concentrations in the slurry were 18.85 mg/L for OTC and 25.58 mg/L for SCP. These concentrations are nominal as an analytical method for detecting the antibiotics in slurry was not available at the time of application. The predicted concentration of the tylosin parent molecule in the slurry was 117.94 mg/L if it was assumed that no degradation had taken place during storage. This fell to less than 1 ng/L after one month's storage. The appropriate quantities of the antibiotics were added to each tanker by first mixing them with water in a 200-L barrel. This was then pumped into the tanker followed by the slurry, which was then immediately applied to the field. As an analytical method for slurry had not been developed, a fluorescene tracer was mixed with slurry as a surrogate for the antibiotics and applied to a different field to determine the extent of mixing in the tanker before application. An analysis of variance showed that no significant difference existed (F ϭ 2.06, df ϭ 3) in the fluorescence of the slurry samples collected from various points across the area to which slurrycontaining fluorescene was applied. While it would have been preferable to analyze concentrations of the antibiotics in slurry, this gives an indication that the study compounds also were applied evenly across the study field.
Sample collection
Soil and water samples were collected in order that the transport of the antibiotics could be monitored following slurry application. Soil moisture content also was monitored at the site to provide information on soil hydrology.
Soil samples were taken from a plot within the field that was subsectioned into smaller plots for each sampling timepoint. Each individual sample point was no closer than 50 cm to any other. Samples were collected before the slurry was applied and at a range of predetermined times following application. These were one day after treatment (1 DAT), 21, 90, 240, and 360 DAT. The second application of slurry was applied less than a full year after the first so the final soil samples in the first growing season were taken at 289 DAT (due to the proximity to the 240 DAT sampling these data are not provided). On each occasion, four replicate soil cores 50 cm in length were collected using a Geonor (Oslo, Norway) MLC3 mechanical soil corer, three for chemical analysis and the fourth for determination of water content. On return to the laboratory, the undisturbed cores were stored in acetate sleeves at Ϫ24ЊC prior to analysis. Each sample was analyzed separately rather than bulking individual samples together.
Drainflow samples were collected automatically during periods of flow throughout the two years. The water was channeled from the drain outfall into a weir box from which samples (400 ml) were collected on an hourly basis using a Bühler Montec (Salford, Manchester, UK) Epic 1011 automatic water sampler coupled with a Delta-T (Burwell, Cambridge, UK) DL3000 data logger. Samples were then stored in glass bottles in the dark at ambient temperature before collection, usually within 24 h, and then returned to the laboratory where they were decanted into high-density polyethylene bottles and stored at Ϫ24ЊC prior to analysis. The discharge of the drain was monitored hourly by taking stage readings in the weir box using a Unidata (Sheffield, UK) Starflow ultrasonic doppler instrument and converting the stage readings into discharges using the British Standard for thin-plate weirs [25] and in- field calibration. Soil moisture was measured during field visits using septum-sealed porous pot tensiometers (Soil Monitoring Engineering, Milton Keynes, Bedfordshire, UK) and a neutron probe. Tensiometers were installed in triplicate at 25 and 50 cm depth and changes in pressure measured using a hand-held Thies Clima (Goettingen, Germany) pressure transducer. Soil moisture measurements also were made using a Wallingford Neutron Probe (Centre for Ecology and Hydrology, Wallingford, Oxfordshire, UK) with aluminum access tubes that were installed in triplicate to a depth of 70 cm by first extracting the soil using a reamer and Geonor MLC3 mechanical soil corer. In between taking measurements, the access tubes were blocked with rubber bungs to stop the entry of precipitation.
Measurements were made at 10-cm intervals by lowering the sealed 50 millicurie (1.85 GBq) americium/beryllium source to the required depths. Precipitation also was measured hourly on site using a Delta-T tipping bucket rain gauge and data logger.
Chemical analysis
Soil and water samples were analyzed for parent compounds only using high-performance liquid chromatography (HPLC) with ultraviolet detection. Prior to extraction, soil cores were sectioned while they were still frozen using a Draper (Chandlers Ford, Hampshire, UK) chop saw fitted with a diamond-tipped blade. Once defrosted, the samples were placed in aluminum foil trays and homogenized by hand. Soil consisting of 4-g subsamples was then placed in plastic centrifuge tubes and 2.5 ml each of buffer (comprising 100 ml 0.1 M Na 2 ethylenediaminetetraacetic acid, 60 ml 0.2 M C 6 H 8 O 7 , 40 ml 0.4 M Na 2 HPO 4 , and 2 ml H 3 PO 4 ) and methanol were added. Each sample was then vortex mixed at 2,500 rpm for 30 s and sonicated for 10 min before being centrifuged for 15 min to separate the extract from the solid phase. Each 5 ml of extract was poured into a duran bottle and the procedure repeated two more times before they were made up to 400 ml with distilled water. Following the addition of 200 l of H 3 PO 4 , the antibiotics were extracted from the buffered solution using preconditioned Isolute SAX (IST, Hengoed, Mid-Glamorgan, Wales) and Oasis HLB (Waters, Watford, Hertfordshire, UK) solid phase extraction cartridges in tandem at a flow rate of 10 ml/min. The SAX cartridge was then removed and the HLB cartridge washed (5 ml dilute buffer solution followed by 2.5 ml 0.1M NaOAc, 5 ml distilled H 2 O, then 2.5 ml 20% MeOH) before the antibiotics were eluted using 2 ϫ 1 ml MeOH. Concentrations of the antibiotics in each extract were determined by HPLC with ultraviolet detection using a Dionex (Sunnyvale, CA, USA) Summit system equipped with a GEN-ESIS 4 m C 18 endcapped column. Analysis was performed using gradient elution over 25 min with a tetrahydrofuran (THF), acetonitrile (ACN) and 0.05% trifluoroacetic acid in water (TFA) mobile phase. The mobile phase contained 5% THF throughout the analysis while for the first 4 min, ACN was present at 2.5% and TFA at 92.5%. The composition then changed linearly to 75% ACN and 20% TFA. Between 18 and 20 min this again changed linearly to 2.5% ACN and 92.5% TFA, which was maintained for the remainder of the run. The injection volume was 20 l and the detection wavelengths used were 285 nm for SCP and tylosin and 355 nm for OTC. Recoveries and limits of quantification are shown in Table 3 . The soil concentrations reported were corrected for recoveries.
Water samples initially were centrifuged at 3,500 rpm for 15 min to separate the water and particulate phases. The water was then filtered through a 0.8-m membrane (Whatman International, Maidstone, Kent, UK) to remove any remaining suspended material, which was retained for analysis. Sediment filtered from drainflow samples was stored at Ϫ24ЊC in amber glass bottles prior to analysis. The sediment samples were initially centrifuged at 3,500 rpm for 10 min to separate the sediment from any distilled water (used to rinse particulates from the filtration equipment), which was then decanted into a volumetric. The sediment from the centrifuge tube and that scraped off the filter papers was then weighed before being extracted using the same method as for the soil. Before solid phase extraction, any remaining liquid that had been collected by centrifugation was added to the extract in case desorption had taken place during storage. Buffer (as used for soil extraction) was added to the water samples at 5 ml per 100 ml of sample along with 2 ml of methanol. Solid phase extraction was then carried out as for the soil extracts. Recoveries and limits of quantification are shown in Table 3 .
Soil hydrology
Electrical conductivity (EC) measurements were made in drainflow samples as EC provides a general indication of runoff age due to ions within the soil profile moving into solution over time (i.e., water that has been in contact with soil for some time is likely to have a higher ionic content and EC than water that has been in contact for only a short period of time). Using EC measurements, it is therefore possible to split runoff into two general components, new (macropore flow) and old (matrix water) [26] . Although it is common to do this using a mixing model, this method was rejected due to the simplicity of assuming fixed end member chemistries for different runoff components (i.e., assuming that old and new water will always have the same ionic loading). As end member chemistries are actually likely to vary in time and space due to factors such as land-use, the data were analyzed in a time-series fashion and compared to experimental data describing the effects of contact time between water and soil on EC. To produce this data, 250 ml of distilled water was added to 250 g of the field soil in high-density polyethylene bottles and conductivity measurements were made over time using a probe.
Drainflow hydrology also was examined using linear response functions that describe the response of a drainage system to rainfall, independent of precipitation pattern so that changes over time can be observed [27] . This was done by inputting paired rainfall and discharge data for individual time points into a Fortran package [28] , which produced a figure to describe the production of the output (drainflow) from the input (precipitation). The recession limb was smoothed using a theoretical form [29] . The response functions were then plotted to give graphical representations of the response of the drainage system, which could be described using the same parameters employed to analyze hydrographs, such as time to peak.
Data analysis
Significance tests were carried out at the 95% confidence interval using the t test in Analyze-it for Microsoft Excel (Redmond, WA, USA). Data were first tested for normality using the Shapiro-Wilk W test. Soil dissipation half-lives for the antibiotics were calculated by fitting exponential curves to the concentrations measured in the field.
RESULTS
General field conditions
Rainfall varied over the two growing seasons, being 166% of the long-term average in the first but only 74% in the second. Subsequently, total drain discharge fell from 110 mm in the first season to 21 mm in the second and effective precipitation from 18 to 8%. The drainage system generally started to flow between 1 and 3 h after the onset of rainfall, although lag periods of up to 8 h did occur (Fig. 2) . In the first year of the experiment the drainage system began to flow 36 h after the slurry had been applied, due to the onset of rainfall, while in the second year this happened only 12 h later. The soil remained at or above field capacity from the time of application until spring. During the summer months large cracks were visible in the soil and even during the winter months macropores were observed at 60 cm below the soil surface. The presence of topsoil in fissures between peds in the subsoil horizon between 37 and 65 cm also indicated the presence of a preferential flow network.
Soil
Both SCP and OTC were detected in the topsoil (0-37 cm) but not in the subsoil (37-50 cm), albeit displaying large spatial variability, while tylosin was not found to be present in any sample (Fig. 3 a-d) . The maximum measured concentrations of SCP in any one sample were 365 g/kg in year 1 and 212 g/kg in year 2. In both years, SCP was found to have leached to 20 cm depth within 24 h of application. Monitoring data showed that SCP dissipated from the soil profile over a period of several months. With the exception of a few samples, SCP was not detected in samples taken three months or more after application. It was only possible to calculate a dissipation halflife (DT50) for SCP in year 1 due to variability in the other data. A DT50 of 29 d was calculated while the DT90 was 89 d.
Maximum measured concentrations of OTC in any one soil sample were 1,691 g/kg in year 1 and 322 g/kg in year 2. Like SCP, OTC was found at 20 cm depth within hours of application. Though the OTC data were highly variable, they do indicate that the substance will persist in soil for some time after application, although at the end of the second growing season OTC was not detected in any of the samples taken.
Drainflow
In the first year of the study, SCP was measured at a peak concentration of 613.2 g/L (588.7 g/L in the aqueous phase) in the first drainflow event that occurred one and a half days after slurry application, before the slurry was incorporated (Fig. 3 e-f ). Although concentrations quickly fell, SCP was detected at levels below 1 g/L eight months after application. The peak concentration of OTC was also measured in this event at 36.1 g/L (27.8 g/L in the aqueous phase), although TYL was not detected in any sample in both years. At the beginning of each period of flow throughout the first year, drainage water contained sediment at concentrations up to 4.6 g/L. Sulfachloropyridazine was found only in sediment from the first drainflow event whereas OTC was found in sediment obtained during the first two events. Maximum sediment associated concentrations during these events, per liter of drainflow, were 24.5 and 8.3 g/L for SCP and OTC, respectively.
In the second year, peak concentrations were much lower and in the first period of drainflow after application SCP and OTC were measured at 6.1 and 0.8 g/L, respectively. Drainage water did not contain significant quantities of sediment in the second season.
Mass losses of SCP and OTC were considerably larger in the first year as concentrations remained higher over the course of the year and drainflow volumes were larger. Sulfachloropyridazine losses fell from 0.48% to 0.01% of that applied while OTC losses dropped from 0.015 to 0.00006%. Concentrations generally decreased with time from application, with SCP falling below 1 g/L several months after application in both years and OTC not being detected after the second period of flow.
Laboratory work showed that the conductivity of water rises rapidly when in contact with the soil (Fig. 4) , indicating that drainflow with a conductivity of 120 S/cm has been in contact with the soil for only 10 to 20 min, and thus, would have had to move through preferential flow pathways to reach the field drains. With a conductivity of 240 S/cm, runoff will have been in contact with the soil in the region of 3 h and after approximately 8 h, conductivity values reach 250 to 300 S/ cm, thereafter rising much more slowly with increasing contact time. The values were similar whether or not the soil and water were agitated and are consistent with those of other workers observed when developing a two-component mixing model [26] .
The conductivity of the drainflow samples varied signifi- cantly between years 1 and 2 (t ϭ 5.97, df ϭ 43), EC being lower in year 1, with a median value of 604 S/cm compared to 1,255 S/cm in the second season. The minimum value also was much lower in year 1 and the maximum value in year 2 was more than 300 S/cm higher than in the first year. Values did, however, decrease with time from application in both seasons, probably due to the dissipation of ions originating from the slurry. Conductivity and discharge displayed the same relationship throughout the whole of the first year, being inversely related. However, in year 2, while some events maintained this pattern, others showed the reverse, with conductivity increasing with drain discharge. Furthermore, several events displayed very little variation in EC throughout the hydrograph in year 2.
The form of the response functions produced is very similar P. Kay et al. to the drainflow hydrograph, having a rapid rise to peak followed by a more gentle decline (Fig. 5) . In year 1 the response function had a steeper rising limb, higher peak, and a more sheer initial recession limb. However, the later part of the recession limb of the response function is similar to that produced for year 2. The fact that the most responsive part of the response function in year 1 does not exist in year 2 indicates that the processes producing this rapid response were not operating.
DISCUSSION
Despite the potential existing for veterinary medicines to enter the environment, very few studies have investigated their fate in the field. Therefore, a two-year field study was performed to investigate the transport of three commonly used veterinary antibiotics with contrasting properties to surface water in an under-drained soil following slurry application to arable land. Pesticide research has shown that these soils greatly encourage the transport of surface applied chemicals to surface waters due to rapid bypass flow.
The spiked concentration of SCP in the slurry was 25.58 mg/L compared to a maximum measured concentration in the literature of 12.4 mg/L for sulfathiazole [2] . The difference for OTC was slightly greater with the spiked concentration being 18.85 mg/L compared to a maximum measured concentration of 4 mg/L for tetracycline [5] . While concentrations may actually reach higher levels than those measured due to these being based on random grab samples, clearly it would be useful to produce more data on real concentrations of a range of compounds in manure and slurry. Results from this study have indicated that veterinary antibiotics have the potential to enter the environment following slurry application, concentrations of SCP and OTC being found throughout the topsoil. Tylosin was not detected, however, most probably due to its rapid degradation in slurry [21] and soil [22] . The high spatial variability in concentrations may be due to the slurry collecting in surface depressions at the time of application, being a liquid matrix. The peak concentrations of the antibiotics recorded are consistent with those of other studies that have measured a range of veterinary medicines in soil at concentrations of 0 to 307 g/kg [5, 16] . While none of these studies previously has analyzed soils for sulfonamide residues, similar concentrations of oxytetracycline, chlortetracycline, and tetracycline have been measured. Similarly, tylosin has only been found at trace concentrations or not at all [30] . The persistence of OTC in the soil agrees with other fieldwork [5] , although no evidence of accumulation was observed following the second slurry application and the parent compound appears to have been degraded entirely by the end of the second growing season. The rapid degradation of SCP agrees with laboratory degradation studies carried out using the field soil (P.A. Blackwell, personal communication). This does however contradict other studies that have indicated that the sulfonamides are persistent [2, 31] .
Residues of OTC probably were not widely distributed throughout the topsoil due to the compound's high sorption potential [12] although macropores seem to have encouraged transport to depth in some places. Sulfachloropyridazine may not have been detected below 20 cm in year 1 due to faster degradation.
Concentrations of the antibiotics measured in drainflow showed that both SCP and OTC reached the field drains and were discharged to the receiving water. There were many similarities with pesticides in terms of the processes that have been found to influence chemical fate in these systems [8] . Peak concentrations were recorded before the compounds had leached any deeper than 10 to 20 cm in the soil profile, showing that preferential movement to the drainage system had occurred. Moreover, SCP and OTC reached the drains at the same time, although their respective concentrations reflected their sorption coefficients. Although only one study has measured concentrations of veterinary medicines in drainflow [15] and reported concentrations no higher than 2 g/L, the peak concentration of SCP detected in this study is in good agreement with those measured for hydrophilic pesticides [32] . Mass losses of the compounds were also very similar, being no greater than 0.48% for sulfachloropyridazine and 0.015% for oxytetracycline. The presence of OTC in drainflow has shown that antibiotics with high sorption coefficients may still reach surface waters in the aqueous phase. Thus, the assumption that substances with a K oc of greater than 500 are immobile in the environmental risk assessment process [33] is not valid. It has been shown however that a relationship does exist between K oc and losses to surface waters via drainflow. The relationship between pesticide sorption coefficients and mass losses to surface waters through tile drains is already used for the risk assessment of pesticides in the UK (Pesticides Safety Directorate, Kings Pool, York, UK, http://www.pesticides.gov.uk/ applicant/aahip/aahl0001.htm). This study has shown that the same approach could be applied to veterinary antibiotics. Sediment-associated transport of the antibiotics was found to be less important than that in the aqueous phase. While 23% of the OTC lost to the receiving water was in the particulate phase, this represented less than 0.004% of that applied. Only 1.5% of the SCP transported to the surface water was associated with drain sediments. Thus, this indicates that even for highly sorptive compounds, such as OTC, transport in the aqueous phase still will be more important due to the much greater mass of water moving through drainage systems compared to sediment. As the drainflow samples were filtered to Ͻ 0.8 m, then this transport may have been associated with dissolved organic carbon and colloidal material [34] . The lack of sediment in drainflow in the second season, when discing to 10 cm depth interrupted the connectivity of macropores with the soil surface, indicates that the soil surface is the major source of drain sediment. This agrees with the hypotheses of some authors but contradicts the common conception that the entire plow layer is the source of sediment [35] .
Peak antibiotic concentrations in drainflow were reduced greatly in year 2 of the study, with peak concentrations being two orders of magnitude lower. The most likely reason for this is discing of the soil prior to slurry application in year 2. Previous research [36] has shown that a finer soil tilth (as would be created by discing) leads to reduced solute transport due to the soil's greater water-holding capacity. Both electrical conductivity measurements made in drainflow and response functions support this theory and highlight that soil tillage prior to slurry application may offer a technique that farmers could employ to reduce the potential for veterinary medicines to reach surface waters. The lower conductivity values measured in drainflow in year 1 are indicative of less contact time between soil and water, the median value being half of that in year 2. Based on laboratory observations, the minimum time from rainfall landing on the soil surface to being discharged to the ditch was less than 2 h, whereas in year 2 this rose to several days. Although these times can only be approximated due to drainflow actually being a mixture of old and new water, it does indicate that in the first year some water was able to move very rapidly through the soil profile. It is hypothesized that in year 2 the connectivity of the macropores with the soil surface was broken by discing so runoff had to take a more convoluted route to the drains and interact with the soil to a greater extent, thus increasing the potential for the antibiotics to be sorbed. Elimination of the surface crust would also encourage infiltration into the soil matrix. Although EC did fall with increasing discharge during some events in year 2, the relatively high minimum value (538 S/cm compared to 186 S/cm in year 1) indicates that new water was not diluting the old to the same extent as in the previous year. Moreover, EC increased with discharge during some events in year 2, indicating that matrix flow was contributing to the hydrograph peak to such an extent that any effects of inputs of new water were masked. Furthermore, the extremely high EC values recorded during the first event after slurry application in year 1 (1,920 S/cm), presumably due to high concentrations of slurry in the drainflow, were not measured in the second season as slurry did not have a direct route to the drains. Moreover, the most responsive part of the response function in year 1, most likely caused by rapid bypass flow, did not exist in year 2. In summary, veterinary medicines have the potential to enter surface waters following the application of slurry to land. Monitoring of this group of chemicals therefore may be prudent in order to determine their environmental distribution at a larger scale (i.e., catchment). This study has highlighted that under-drained soils may be one of the key routes for the movement of veterinary medicines to surface waters, which could help to explain detections in surface water-monitoring studies [6] . The results of this study also indicate that the behavior of veterinary antibiotics in under-drained clay soils is very similar to pesticides. Peak concentrations of the study compounds were in the order of those measured for pesticides and the relative concentrations of SCP and OTC fitted the relationship established for pesticides [8] . Peak concentrations were also detected in the first period of drainflow following application and the compounds reached the drain outfall at the same time despite their different sorption characteristics. The modeling approaches used in the environmental risk assessment of pesticides therefore could be applied to veterinary medicines. It is also clear that, unlike pesticides, degradation during slurry storage can have a large impact on fate and this factor should be addressed in any attempts to model the fate of veterinary medicines. More studies therefore should investigate degradation rates of a range of substances during manure/slurry storage. Further targeted work also should measure real concentrations of a range of veterinary medicines in manure and slurry and in the environment, which will help to clarify their environmental risk. This should focus on manure/slurry from recently treated livestock and sampling of high-risk areas (e.g., streams receiving drainage water from recently treated fields). Data from this study indicate that tillage prior to slurry application may limit the transport of veterinary medicines to water bodies. This technique therefore could be used as a management option in the future.
